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Abstract 
This study presents the geometric aspects of the focal image for a Scheffler-type solar concentrator (STSC) using the 
ray tracing technique to establish parameters that allow the designation of the most suitable geometry for coupling the 
STSC to a Stirling engine of 3 kWe. The results of the ray tracing software are validated through thermographic 
images of the STSC solar concentration after modifying the image to establish the geometric areas with the highest 
temperature. 
 
When performing the simulations using the ray tracing software, we found that the most suitable solar image 
geometry has variations within an elliptical area of 14.25 cm2 on average with a circular aperture area reflector. 
While this result is appropriate, the geometry of the receiver would need to be modified to fit a Stirling engine. 
Finally, when validating the ray tracing results with the image provided by the thermography camera, it was found 
that the area tends to be elliptical but with an area greater than 36%; this result must be taken into consideration to 
improve the heat transfer by radiation at the receiver of the STSC. 
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1. - INTRODUCTION 
This paper presents the theoretical and experimental results of the optimisation of the solar image in a 
receiver for a fixed absorber in a Scheffler-type solar concentrator STSC, which was a project supported by 
the Centre for the Study of Clean Renewable Energy of the Autonomous University of Baja California. 
The STSC will be used for electricity generation from a 3 kW Stirling engine.  The use of solar 
concentration with a fixed absorber can improve and facilitate the development of distributed power 
generation technology using Stirling engine [1]. Such an approach can be primarily used in isolated rural 
areas or urban areas that do not have electricity supply. In addition, the list of possible alternative 
applications of this technology is growing, due to the problems of oil dependency and global warming. In 
this paper, the SCTS is used with the power generation technology of a Stirling engine is studied and 
optical modelling via ray tracing, as described below: 
Stirling engine technology: This technology involves an external combustion engine that is generally 
used for the generation of electricity in a decentralised manner. In this concept, a parabolic mirror with 
2-axis tracking directed toward the sun concentrates solar energy directly to the focus of an absorber, 
where a Stirling engine is installed. In turn, the cavity in the absorber enables the heating of a gas 
(helium or nitrogen) up to a temperature of approximately 700 °C to drive the engine pistons with a force 
large enough to generate movement, thereby driving an alternator, which converts mechanical energy 
into electrical energy. Thus, within the same block, which is located at the focus of the disc hub, the 
transformation of solar energy into electricity occurs, which enables electricity to be input into the grid 
or to be used directly in some local application next to the system [2].  
Ray tracing technique: The ray tracing technique is implemented in a software tool that allows the 
modelling of the propagation of light in objects of different media. This modelling requires the creation 
of solid models, either by the same software or by any computer aided design (CAD) software. Once in 
the optical modelling software, portions of the rays of the light source propagate in the flow of light, in 
accordance with the properties assigned to the relevant objects, which may be absorption, reflection, 
transmission, fluorescence, and diffusion. The sources and components of the light rays, adhering to 
various performance criteria involving the system parameters, result in simulation of the spatial and 
angular distribution, uniformity, intensity, and spectral characteristics of the system [3].  
Scheffler-Type Solar Concentrator (STSC) involves the interception of the open circular area with a 
small side section of a parabola, and a reflector in the form of such a section directs the solar radiation to 
a fixed focal point, where a Stirling engine is installed and secured by a fixed support structure. The 
system uses a dual-axis tracking system, which consists of a daily tracking mechanism that moves the 
reflector mounted on a carriage in proportion to the solar motion and other time-tracking mechanisms, 
which provides for rotation of the reflector that is synchronised with the movement of the sun during the 
day. This angular movement of the reflector is performed around an axis oriented to maintain a fixed 
focal point normal to the incidence for the area of the aperture for the reflector, thus concentrating the 
solar radiation into the cavity of a Stirling engine that converts the heat into electricity, as previously 
described in [4, 5] and illustrated in Fig. 1. 
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Fig. 1. STSC Schematic. 
 
Simulations have been performed using the technique of ray tracing to describe the behaviour of 
parabolic dish solar concentrators [6] for type Fresnel concentrators [7] and such simulations have been 
used to study the behaviour of such concentrators in buildings [3]; however, there is no such study or 
simulation of ray-tracing type to describe Scheffler solar concentrators. As a result, in this paper, a 
methodology for performing the simulation using the ray tracing technique is described. The ray tracing 
method was used to study the optical behaviour of a reflector of a Scheffler-type solar concentrator and a 
cavity absorber at the fixed focus of the STSC, which was previously designed in 2013 [5] and has an area 
of receiver and the dimensions of the cavity absorber corresponding to a Stirling engine of 3 kW power 
developed in 2013 [8]. 
 
Nomenclature 
absQ  Radiation incident absorbed [W/m2] 
dI      Radiation incident [W/m2] 
apA    Area aperture [m2] 
U       Reflectance  
M       Interception factor 
y       y-coordinate [m] 
x      x-coordinate  [m] 
f       Focal length  [m] 
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 2. - METHODOLOGY  
The methodology used for the simulation of the optical characteristics of the Scheffler reflector type 
concentrator is composed of the following stages: obtaining the design variables, sized according to the 
geometric model CSTS; obtaining the CAD model of the system; and performing the simulation of the 
reflections using the ray tracing technique. Fig. 2 shows the study methodology, which was used to 
simulate a reflector that is made with a segment of a concentric ring of 0.075 m in length along the 
reflector because the manufacturing process for the reflector is identical with the remaining section of the 
reflector. 
 
Fig. 1. Flowchart for study of the SCTS. 
2.1. Parameters design 
 
This step of the methodology is illustrated in table 1, which shows the dimensions of the receiver 
absorber and the energy demand to drive a Stirling engine of 3 kWe according to the specifications 
previously established in 2013 [5, 8]. 
 
Table 1. Design parameters.  
 
CSTS design parameter Value 
Diameter of Reflector ( refD ) 3.92 m 
Rim angle (\ )  45° 
Focal length ( f ) 5.04 m 
Stirling design parameter Value 
Number of absorber tubes 32 
Outside diameter of the tubes 0.63 cm 
Absorber area 6.44x10-2m2 
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2.2. Geometric Sizing   
 
 To develop the geometric model of the STSC, equation (1) was first used to determine the required 
quantity of solar energy absorbed, as established by Duffie and Beckman [9], which determines the 
required open area of the reflector. 
 
   abs d apQ I A U M             (1) 
 
According to the principle of the STSC [10], the reflector geometry is obtained from the interception of 
the aperture area and perpendicular to the virtual parabola calculated by equation 2 [11]. 
 
             (2) 
 
 
2.3. CAD modelling 
 
Subsequently, the reflector geometry is obtained from the intersection of the circular aperture area and 
perpendicular to the virtual parabola, based on the output of CAD software, as shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Process of determining a reflector for a STSC. 
 
2.4 Ray Tracing Studies 
 
In the ray-tracing software, it is necessary to specify the properties of the reflector and the grid of the 
rays after the reflector and absorber are placed in the space X, Y, Z corresponding to the virtual parabola 
with the supporting objects. Fig. 4 shows the characteristics of the reflections for the different geometries 
analysed; as an illustration, we applied a 15 ray by grid partition to examine the different reflector 
geometries subject to the following assumptions: the solar image corresponds to very distant solar rays 
traveling parallel each to other, the surface of the reflector is perfect, and the receiver surface is an ideal 
absorber. 
f
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Fig. 4. Ray tracing results for different days. 
 
Another situation analysed in the ray tracing software is the percentage of rays incident on the reflector 
for the two cases of the sun's position corresponding to summer and winter solstice at 13:00, as shown in 
Fig. 5. The image obtained in the absorber for summer solstice at 13:00 exhibits better concentration with 
respect to that of the winter solstice, due to the cosine effect on the linear segments of the reflector [8]. 
 
 
 
Fig. 5. Images of the variation of the concentration of the rays at the receiver. 
 
 
The evaluation of the percentage of variation of concentration over the year (Table 2) was performed by 
exploiting the symmetric behaviour of the position of the sun during the summer and winter solstices, 
corresponding to June 21 and December 21, respectively. The average performance evaluation involved a 
reflector with a concentration of 100% of the rays but with a variation in the amount of rays that intersect 
the reflector. The results of the process indicated a maximum decrease in the amount of beam focused 
rays of 25% and an average variation of 18%. Ray tracing studies were used to determine the reflector 
design with the highest concentration areas and shape, which was performed in a date and hour specific 
manner, as shown in Fig. 6. However, the area and shape with the highest concentration of rays in the 
absorber, which is represented by an ellipse and indicated by the green point with an approximate area of 
14.25 cm2, has the highest concentration present in only 50% of the area. 
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Fig. 6. Ray tracing image in the receiver of the STSC.  
 
2.5- Thermography Image  
 
The experimental procedure used to validate the ray tracing area and shape with the highest concentration 
is performed with some adjustments according to [11]. The reflective film has 99% reflectivity, and the 
reflective surface of 0.5 m2 is distributed in places that results in increased dispersion of the solar 
radiation so that the measurements obtained are in the range of temperatures that are appropriate for a 
thermography camera, as shown in Fig. 7. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  Thermography image of the receiver of the STSC. 
 
3. RESULTS 
 
To better compare the solar image at the receiver, white colour pixels are used to indicate the points with 
the highest temperature, as shown in fig. 8. Subsequently, superposition of the solar image with the ray 
tracing image of the absorber according to the method of [12] and as shown in fig. 8 (b) reveals that 
thermography image of the receiver corresponds to an area of 19.5 cm2. The solar image can be enclosed 
inside of an elliptical area, similar to the ray-tracing image; however, in this case, the area is 36% greater 
than the image of the ray-tracing; this result must be taken into consideration to improve the heat transfer 
by radiation at the receiver of the STSC couplet to a Stirling engine. 
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Fig. 8. Superposition of the shapes for comparison. 
CONCLUSIONS 
When performing a ray tracing simulation and analyses of the geometric of solar image in the receiver for 
comparison with the infrared image, we found that the more suitable geometry for the receiver has an 
elliptical form; however, the geometry of the receiver must be modified to improve the efficiency of the 
STSC.  
The ray tracing methodology used is an interactive tool for optical simulation that enables the study of the 
behaviour of the solar concentration system to designing and evaluating the reflector in a short period of 
time prior to constructing a prototype. The ray tracing software is a tool that allows you to interact with 
the optical behaviour of solar concentrating system by providing optical simulations for understanding the 
different variants of the geometric parameters according to manufacturing process prior to the design and 
construction of the concentrator. 
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